Symbiotic association of several genera of bacteria collectively called as rhizobia and plants belonging to the family Leguminosae (=Fabaceae) results in the process of biological nitrogen fixation, playing a key role in global N cycling, and also bringing relevant contributions to the agriculture. Bradyrhizobium is considered as the ancestral of all nitrogen-fixing rhizobial species, probably originated in the tropics. The genus encompasses a variety of diverse bacteria, but the diversity captured in the analysis of the 16S rRNA is often low. In this study, we analyzed twelve Bradyrhizobium strains selected from previous studies performed by our group for showing high genetic diversity in relation to the described species. In addition to the 16S rRNA, five housekeeping genes (recA, atpD, glnII, gyrB and rpoB) were analyzed in the MLSA (multilocus sequence analysis) approach. Analysis of each gene and of the concatenated housekeeping genes captured a considerably higher level of genetic diversity, with indication of putative new species. The results highlight the high genetic variability associated with Bradyrhizobium microsymbionts of a variety of legumes. In addition, the MLSA approach has proved to represent a rapid and reliable method to be employed in phylogenetic and taxonomic studies, speeding the identification of the still poorly known diversity of nitrogen-fixing rhizobia in the tropics.
INTRODUCTION
Species of the large family Leguminosae (Fabaceae in the USA) occupy a broad-range of terrestrial biomes, with several of them being capable of establishing symbioses with bacteria collectively called rhizobia, starting the process of fixing atmospheric nitrogen (N 2 ). Diazotrophic bacteria were first isolated from root nodules and characterized in 1888 by Martinus Willem Beijerinck (2) as Bacillus radicicola, but then reclassified into the genus Rhizobium, with the taxonomy based A few years later, high diversity among Bradyrhizobium strains led to the description of a new species named Bradyrhizobium elkanii (23) ; however, the development of several molecular techniques helped to identify high genetic diversity among Bradyrhizobium strains isolated from a wide range of leguminous plants (e.g., 13, 28, 29, 46) . Nowadays, there are nine defined Bradyrhizobium species (7), but certainly many more should be described in the next years.
Sequencing of the 16S rRNA has become the method of choice for tracing bacterial phylogenies (12, 50, 52) , but in several genera including Bradyrhizobium variability in the 16S rRNA is often low and may not reflect the diversity detected by other morpho-physiological and genetic properties (e.g., 13, 28, 42, 46, 51) . To detect higher diversity, other ribosomal genes or regions have been chosen, as the 23S rRNA and the 16S-23S rRNA intergenic transcribed spacer (ITS), since they evolve at a faster rate than the 16S rRNA, thus adding valuable information to the analysis (e.g., 29, 41, 42, 46, 51) . However, proximity of ribosomal genes might not properly indicate the correct phylogeny in the case of horizontal gene transfer (43) .
The multilocus sequence analysis (MLSA) method has been increasingly used in phylogeny and taxonomy studies.
The method consists of the analysis of several conserved housekeeping genes dispersed in at least 100 kb of the genome (4, 6, 15, 25) . Successful definitions of phylogenetic groups of rhizobia have also been achieved with the use of the MLSA (29, 31, 36) .
Tropical rhizobia represent a key component for the sustainability of tropical soils, and the few results obtained so far clearly indicate that diversity is largely underestimated within the Bradyrhizobium genus (13, 28, 29) . Therefore in this study the MLSA approach was applied to achieve a better phylogenetic resolution of twelve strains showing high genetic diversity of the 16S rRNA gene in relation to the described Bradyrhizobium species. The objective is to delineate strategies which may help to more promptly define diversity of tropical Bradyrhizobium.
MATERIALS AND METHODS

Strains
Twelve Bradyrhizobium strains were used in this study and are listed in Table 1 . The strains were chosen from previous studies from our group (3, 13, 28, 29, 37), based on the high level of genetic diversity observed in comparison to the described species of Bradyrhizobium. The strains have been isolated from members of two subfamilies and five tribes of the family Leguminosae, and originated from four countries located in different continents: Australia, Brazil, Malaysia and Zimbabwe (Table 1 ). The strains were purified on yeast extract-mannitol agar (YMA) medium (45) 
DNA extraction and sequencing analysis of the 16S rRNA
The DNA samples were extracted from bacterial batch cultures grown in YM broth until late exponential phase (10 9 cells mL -1 ) as described before (20) . The DNAs were submitted to the amplification with primers for the 16S rRNA, recA, atpD, glnII, gyrB and rpoB genes, as listed in 
Cluster analyses
The 16S rRNA, recA, atpD, glnII, gyrB and rpoB sequences generated were analyzed with the programs Phred (8, 9), Phrap (http://www.phrap.org) and Consed (16) . The consensus sequences obtained and confirmed in the 5´ and 3´
directions were submitted to the GenBank database and received the accession numbers listed in Table 3 . Some genes have been previously sequenced by our group, but were resequenced in this study; as the identities were confirmed in 100% of the nucleotide bases, the original accession numbers were maintained (Table 3) . Sequences for other reference/type strains were retrieved from the GenBank database and are also listed in All sequences obtained in this study or retrieved from
GenBank were analyzed individually and concatenated using the MEGA (Molecular Evolutionary Genetics Analysis) software version 4.0 with the default parameters, K2P distance model (21) , and the Neighbor-Joining algorithm (38) .
Statistical support for tree nodes was evaluated by bootstrap (10) analyses with 1000 samplings (17) . 
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RESULTS
Diversity in the 16S rRNA
The phylogenetic tree built with the 16S rRNA sequences split the Bradyrhizobium strains in two large groups, with final bootstrap supports for each group of 70 and 94%, respectively (Fig. 1) (Fig. 2) .
When compared to the 16S rRNA, higher variability was detected in the analysis of the recA gene, and strains also fit into two groups ( Fig. 2A) Greater variability was also observed with atpD gene (Fig.   2B ), when compared to the 16S rRNA. The tree built with the atpD gene resulted in the definition of three main groups (G-I, G-II and G-III), with a final bootstrap support of 81%.
Although the DNA of strain SEMIA 696 amplified with the atpD primers, sequencing of the fragment failed, therefore the strain was not included in the analysis. In G-I, strains were split in two subgroups, the first clustering four strains with higher resemblance with B. elkanii, and the second with three strains grouping with B. pachyrhizi (Fig. 2B) . The other four SEMIA strains from this study were positioned in G-III of the atpD tree, with SEMIA 6395 showing higher similarity with B.
betae, while the other strains were grouped with B.
liaoningense (Fig. 2B) .
The tree built with the glnII gene also resulted in two groups. In G-I four SEMIA strains were clustered with B.
pachyrhizi, SEMIA 696 was clustered with B. elkanii, followed by the inclusion of SEMIA 662 and B. jicamae (Fig. 2C) . In G-II of the glnII, it is worth mentioning the clustering of strains SEMIAs 6002 and 6144 with a bootstrap support of 97% (Fig.   2C ), also confirmed with high support in the previous trees of recA ( Fig. 2A) and atpD (Fig. 2B) , but not well defined in the 16S rRNA (Fig. 1) .
In the trees built with the gyrB and rpoB genes the strains were also split in two groups, with the formation of a third group in the gyrB tree, which clustered only the type strains of B. betae and B. canariense. In general, a better definition of the strains positioned in G-I of the 16S rRNA ( Fig. 1 ) was not achieved with the analysis of the gyrB (Fig. 2D) and rpoB (Fig.   2E ) genes. The other four SEMIAs analyzed were positioned in G-II in both trees. In G-II of gyrB, the SEMIA 6395 clustered with B. iriomotense, while SEMIAs 656, 6002 and 6144 were closer to B. yuanmingense. In the rpoB tree, these four SEMIAs were clustered in two well defined subgroups (656-6395 and 6002-6144).
It is also interesting that, excepting for the atpD gene, B.
pachyrhizi, B. jicamae and B. elkanii were positioned in the same group in the analysis of the 16S rRNA, recA, glnII, gyrB and rpoB (Fig. 1 and Figs. 2A to 2E ). On the other hand, definition of the other Bradyrhizobium species considered in this study was not completely clear when considering those genes ( Fig. 1 and Figs. 2A to 2E ).
From the analysis of the 16S rRNA (Fig. 1) and of five housekeeping genes (Fig. 2) , the division of Bradyrhizobium in two main groups was clear, with the appearance of a third group not completely well defined only in the trees built with the atpD and gyrB genes. Each SEMIA strain used in our study was always positioned in the same great group in all six trees. Multilocus sequence analysis of Bradyrhizobium strains (Table 4 ).
The tree built with the concatenated genes resulted in two great groups, with a bootstrap support of 100% (Fig. 3) . G-I Other examples refer to isolates from Vigna, clustered in both G-I (SEMIA 6002) and G-II (SEMIA 662), while isolates from tribe Ingeae were clustered in both G-I (SEMIA 6395) and G-II (SEMIA 6160) of the MLSA (Fig. 3) . and soybean (Glycine max). Indeed, the SEMIA strains used in our study are highly effective in fixing nitrogen with their host plants.
Previous studies from our group employing analyses of the 16S rRNA, 23S rRNA, ITS and housekeeping genes have indicated an unexpected genetic diversity of Bradyrhizobium (13, 28, 29) . In our study the use of five housekeeping genes in the MLSA approach highlighted a far higher diversity in comparison to the single analysis with the 16S rRNA, clearly indicating putative new species.
DNA-DNA hybridization is still required to define new species (12), but arguments against its obligatory use have been raised, including: high cost and intensive work (5, 44), existence of more accurate approaches (22) , doubts about its adequacy (1) . MLSA has then been proposed as a more accessible tool for assessing phylogeny and taxonomy of prokaryotes (4, 6, 15, 25) . Also in this context, the use of at least four housekeeping genes for the phylogenetic analysis and taxonomic classification of bradyrhizobia has been proposed (29, 34, 39, 40, 48) , and was confirmed as a successful approach in our study.
It is also interesting that host specificity was not related to genetic clustering, confirming previous reports from our group 
